Abstract-We report a novel method to create 2D hierarchical nanopatterns with a simple PDMS scaffold made of a replica of a grating and a spacer. This technique takes advantage of the Talbot effect, creating an interference pattern a given distance from a diffraction grating. By combining a conformal soft mask made of PDMS and a spacer to separate the phase shift mask from the photoresist, we can exploit the interference pattern to imprint smaller structures than the initial grating.
I. INTRODUCTION
Periodic nanostructures find many applications in several fields such as optics, photonics, material science, physics, or biophysics [7, 9, 10] . In photonics, periodic nanostructures are used to create surface plasmon resonance (SPR) detectors [10] . In material science these structures can be used to create superhydrophobic or omniphobic surfaces [9] . For these applications the fabrication of such nanostructures requires however low cost fabrication processes to pattern over large surfaces. The creation of periodic nanostructures through a top down approach by means of conventional lithography techniques, e.g contact lithography with chromium masks or phase shift masks [11] is limited by the optical resolution and most of the time by the cost of advanced lithography equipments. Electron beam Lithography (EBL) that uses a scanning electron beam to expose specific photoresists can achieve higher resolution, down to tens of nanometers, but at the expense of high cost equipments and long exposure time. Nano Imprint lithography (NIL) is a technique that allows creating high-resolution structures with high throughput [5] . However, it is a replication technique that provides no gain in terms of resolution with respect to the master used for the imprint. Interference lithography (IL) is a technique that uses interference of coherent lights to create periodic patterns; it is one of the most economical techniques to create such regular nanostructures over large (cm 2 ) surfaces. IL has been used to create one-and two-dimensional periodic patterns.
Herein, we report a simple method to create diverse hierarchical 2D nanopatterns using high-order diffraction patterns that occurs when light passes through a transparent conformal mask made of polydimethylsiloxane (PDMS) that has been cast on an array of nano-cylinders. We employ as phase mask a fully transparent piece of PDMS that embeds an array of cylindrical holes. The index mismatch between air within the holes and PDMS is responsible for a phase shift illumination path which generates Talbot diffraction patterns along the light propagation direction. Fixing the distance between the soft grating and the sample, a variety of illumination patterns can be transferred to the photoresist on the sample.
When a grating is illuminated with light of sufficient coherence (with central wavelength λ), self-images of the grating are observed at periodic distances p from the grating. These so-called Talbot images occur with a period of 2p 2 / λ [1] . At certain integer fractions of this period, the image frequency is a multiple of the grating frequency. This can be observed in the finite difference time domain (FTDT) 2D simulation shown in Figure 1 . In Displacement Talbot Lithography [2] , this effect has been used to create highresolution lithographic structures [6] . The principle is to use a photomask that contains an array of holes and expose a substrate covered with a photoresist by moving the sample from one Talbot Complex patterns can be easily produced, in particular by multiple exposures with different Talbot patterns [7] , where a 2018 Symposium on Design, Test, Integration & Packaging of MEMS and MOEMS ! 978-1-5386-6199-4/18/$31.00 ©2018 IEEE ! rotation of the mask can be also introduced for each exposure, resulting in Moiré patterns. Smaller structures such as array of nanomotif or plasmonic structure can be also made by using this Talbot effect. The work presented by M.Vala and J. Homola [8] show a simple way to create plasmonic antenna by using multiple beam exposure trough a 2D phase mask. In this work we present a novel technique that allows creating periodic patterns using the Talbot effect but without the need of a specific Talbot Displacement Lithography equipment. We first replace the hard mask, that is most of the time made of Chromium layer on soda lime glass, by a piece of reticulated silicon polymer, namely polydimethylsiloxane (PDMS) containing an array of holes. Exposing a photoresist with an array of holes in the PDMS allows replicating the pattern imprinted in the PDMS. In order to go further and to exploit the Talbot effect, once need to insert a gap between the phase shift mask and the photosensitive surface. This requires however a highly controlled displacement, in terms of distance but also in terms of parallelism between both surfaces. In the work of Tae Yoon Jeon and al [3] they made a spacer with PDMS blocks placed on the sides of the grating to insert a gap below the grating. For doing so, we found that it is possible to create such a gap by inserting a PDMS spacer directly bonded below the grating. This technique is relatively simple to use and can produce periodic nanostructures using conventional lithography equipment both with coherent and non-coherent UV sources. Using a PDMS mask containing an array of holes in addition with a spacer made also in polydimethylsiloxane (PDMS) and with a thickness smaller than the Talbot period it is possible to imprint diffraction patterns smaller than the original array. This technique allows creating plasmonic structures with ease and efficiency using conventional lithography equipment. The paper will show in detail the fabrication process used to produce PDMS conformal masks. A comparison between FDTD simulations, measurement of optical plane wave and resulting photoresist patterns will be presented.
II. EXPERIMENTAL SECTION
The fabrication procedure of the PDMS conformal phase shift masks starts with the replica molding of the first grating: a periodic structure of photoresist is made by Laser Interference Lithography (LIL) on a 2x2 silicon substrate and then etched with an inductively coupled plasma reactive ion etching (ICP RIE) reactor to produce an array of 1µm tall cylinders [4] . Next, a mixture of PDMS (DuPont Sylgard 184) and reticulating agent (10% weigth) is poured over the nanocylinder array. The viscous preparation is then degas under vacuum and reticulated for 2 hours at 80°C. The piece of hardened PDMS is then extracted from the positive master (cylinder array).
Next a spacer is made by spincoating a thin layer of degazed PDMS on a silicon wafer at 6000 rpm for 10 min and baked on a hotplate at 90°C for 20mn. To measure the exact height of the spacer we use a profilometer (DEKTAK). The height of the deposition is an essential factor because it set the integer fractions of the Talbot period. The deposition height is controlled by the spin-coating time. The PDMS master had a pitch of 1,8 µm leading to a Talbot length of 16 µm (according to the formula given upper). With this data we managed to spin-coat a particular amount of PDMS to get the good fraction of the Talbot period. We used several spacers with different height: 1,4 µm, 2 µm, 2.9 µm, 3.6 µm, 4.1 µm and 4.6 µm.
Both grating replica and spacer are then exposed to an oxygen plasma (Diener Nano) for 1min at low power to activate the surfaces. These two parts are finally bonded together to build a Talbot soft conformal mask as can be seen in Figure 2 where we can observe the array of cylindrical holes and the spacer that has been partially removed for the photography. The PDMS bloc containing the array of holes can be used as a photomask with large optical transmission up to 300 nm wavelength in the UV, with conventional UV maskers. We just need to place the PDMS in contact with the photoresist surface, with the softness of the material allowing a perfect contact. Exposing a photoresist with an array of holes in the PDMS allows replicating the pattern imprinted in the PDMS and the thickness of the spacer allows to choose the fraction of the Talbot period and hence the diffraction pattern to be imprinted on the photoresist (Figure 3 Any type of photoresist can be used, positive or negative, provided that its thickness remains small with respect to the pitch of the grating in order to avoid out of plane interferences.
The exposition is made with a mercury vapor lamp and a UV filter to use the i-line at 365 nm wavelength for an irradiance of 10mW.cm-2 . Exposure times are in the order of 1 second. Depending on the height of the spacer this time may vary. For example, with a 2 µm spacer the exposure time is 2 seconds and the developing time is 30 seconds and with a 4,1 µm spacer the exposure time is 2,5 seconds with the same developing time. The exposure can also be made with a blue laser to add a larger degree of interference because of the light coherence.
III. RESULTS
In order to visualize the intensity pattern arising at different planes, in Fig 4, we show microscope images taken at different planes from the grating. The PDMS grating was fixed on a piezoelectric stage which translated it vertically in a range of 20 µm e.g. more than a Talbot period with 1.8 µm pitch's grating. In Fig.5 we show three different patterns obtained in positive photoresist. We notice that in direct contact (Fig 5. (a) ) we reproduce the original grating, whereas with a spacer we include a second array of holes. 
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Another exposure was made on negative photoresist (Fig 6.) as expected we reproduce the same pattern however a smaller structure is transferred into the photoresist. Figure 6 . Pattern transferred into negative photoresist by exposure through PDMS soft mask in direct contact with the photoresist. We can notice a smaller structure with the same pitch as the original.
Laser exposures were also tested; the results are shown in Fig.7 . The sample was glass with a titanium deposition. We note that no proper patterning is visible, indeed the laser combined to the grating and the reflective surface of the sample lead to a complex interference figure in the 3 dimensions. Furthermore, by the same approach but with the PDMS grating in direct contact with the sample., we could create an array of cylinders (Fig.9 ) that we employ in optical tweezers experiments [4] . We produced millions of cylinders within 3 seconds exposure on a quartz substrate, further simplifying the previous methods. Figure 9 . Quartz cylinder used for optical tweezer experiments, these cylinder are made by using the PDMS grating mask in direct contact with the photoresist as photolithography step.
IV. CONCLUSION
We presented a simple and efficient technique that allows the creation of sub-um sized periodic patterns from a soft elastomeric conformal mask made of pieces of PDMS. the exposure is very fast and do not require any alignment step. The mold with the spacer is directly put on the sample with photoresist. Using a PDMS grating and a spacer, we can take ! ! advantage of the Talbot effect to imprint arrays of periodic patterns that are smaller than the original array.
